In vivo gene electrotransfer (ET) is a simple method of gene delivery in various tissues relying on the injection of plasmid DNA followed by application of electric pulses. Noninvasive tools are needed to evaluate the ET efficiency and the resulting tissue damages. In this study, we performed ET of rat tibialis muscle after injection of either a plasmid coding for luciferase or a contrast agent (CA) detected by using magnetic resonance imaging (MRI). Plasmid expression and CA intracellular trapped quantity were compared throughout the electric field intensity range 0-300 V/cm. Although the CA trapped quantity reflects only the electropermeabilization step, both measurements were correlated. MRI measurements gave easy access to tridimensional visualization of the labelled zones where the CA has been injected and the applied electric field had a value allowing permeabilization. We also performed MRI measurements of the water transverse relaxation time T2 as an indicator of tissue modification, and tested whether another CA specific for necrosis could be used to detect muscle necrosis at high electric field intensity. In conclusion, MRI measurements may bring multiparametric information upon the efficiency and tissue toxicity of an ET protocol by using a simple and safe CA.
Introduction
Electrotransfer (ET) is a simple and efficient method for cell transfection by genes coding for a protein acting locally or at a distal site when secreted. 1 Some applications of ET now envisioned are the endogenous synthesis of EPO, 2 of the soluble receptor to TNFa 3 and of the antiinflammatory cytokine IL-10, 4, 5 as well as tumour gene therapy, 6, 7 restoration of muscle structural proteins, 8 and DNA vaccination. 9 ET is also applied to tumour electrochemotherapy, 10 where protocols with high voltage and short duration pulses allow antitumoral drugs to be locally delivered to tumour cells. Various ET protocols have been tested on mice skeletal muscle. [11] [12] [13] [14] [15] [16] In preclinical studies on larger animals, all steps of the procedure have to be investigated, from tissue biodistribution to gene expression, as well as therapeutic and toxic effects. In this context, the development of noninvasive approaches will be very useful.
A now classical protocol proposed by Mir et al, 11 validated by several studies using either histological detection of b-galactosidase or quantification of light emitted by luciferase, has been applied successfully to therapeutic gene transfer in mouse muscle, its efficiency being evidenced from histological detection of locally expressed gene products 8 or from their physiological effect. 17 In optimized conditions, 18 this protocol has been shown to cause minimal adverse effects, as appreciated by morphology. However, cell necrosis and decrease of gene expression have been reported at excessive electric field intensity. 19, 20 Since the electric field intensity threshold for electroporation is related to cell size, it has to be determined for each species and each cell type.
The localization of the zone efficiently transfected by ET is dependent on both the distribution of the therapeutic agent and the electric field topography. A prior study in mouse muscle has shown that a paramagnetic contrast agent (CA), which had been injected into muscle before electric field application, was trapped into cells and further detected by using magnetic resonance imaging (MRI). The CA intramuscular localization detected from water signal increase was similar to that of the reporter gene expression. 21 In the present study, we applied a widely used protocol 11 to healthy rat muscle, over a large range of electrical field values, after intramuscular injection of a plasmid coding for luciferase and/or of a paramagnetic CA, Gd-DOTA. This CA acts by shortening the water relaxation times, then by locally increasing the water signal in longitudinal relaxation time (T1)-weighted images. 22 The global efficiency of gene transfer in the transfected muscle was evaluated from the assay of luciferase activity in muscle lysate, a technique that is presently the only one available for accurate quantification of gene expression in muscle. Gene transfer efficiency was compared to the total intracellular trapped quantity of the CA, as quantified in vivo by MRI, a procedure that also allowed us to determine the volume of muscle labelled by the CA. Cell damage was evaluated by in vivo MRI, either nonspecifically by measurements of the water transverse relaxation time T2, 23 or by detecting the fixation of a necrosis-avid contrast agent, 24 and were confirmed by histology.
Results

Quantification of luciferase activity
Values of luciferase activity in muscles of animals which underwent plasmid injection and electric field application (protocol A) vary with electric field intensity, as shown in Figure 1 . Values of luciferase activity without electric field application were 2-3 orders of magnitude less than those measured in the electric field intensity range 80-220 V/ cm (Po0.01). Luciferase activity did not vary significantly between groups from 110 to 220 V/cm. It was significantly lower at 80 and 260 V/cm than in groups from 110 to 220 V/cm (Po0.01). Luciferase activity at 300 V/cm was lower than from 80 to 220 V/cm (Po0.05).
MRI quantification of Gd-DOTA trapped quantity Figure 2 shows T1-and T2-weighted images of a section of one leg for two animals which underwent Gd-DOTA injection and electric field application at 160 V/cm and 260 V/cm, respectively. On T1-weighted images, intracellular Gd-DOTA is visualized by bright zones with shortened T1. This is observed in a large fraction of tibialis muscle section at 160 V/cm (a), and in a very small area at 260 V/cm (c). On T2-weighted images, muscle oedema is visualized by bright zones with increased signal. It is restricted to superficial zones at 160 V/cm (b), and detected in a large fraction of the leg section encompassing tibialis and peroneus muscles, in a heterogeneous pattern, at 260 V/cm (d).
Gd-DOTA trapped quantity, Qt, measured in muscles of animals, which underwent CA injection and electric field application (protocol B), varied with electric field intensity, as shown in Figure 3 . Qt did not vary significantly between groups from 160 to 220 V/cm. Qt in the group at 0 V/cm was lower than in groups from 140 to 260 V/cm (Po0.01). Qt in groups at 80 and 110 V/cm was lower than in groups from 140 to 220 V/ cm (Po0.01). Qt in groups at 140 and 260 V/cm was lower than in groups at 160 V/cm (Po0.01), whereas Qt at 300 V/cm was lower than in groups between 140 and 220 V/cm (Po0.05).
In the group that had ET at 160 V/cm, the mean fraction of the injected dose of Gd-DOTA that was trapped in muscle at day 3 after electropermeabilization was 4.771.1%.
The volume labelled by Gd-DOTA, measured in muscles of animals treated with protocol B, presented a similar variation as a function of electric field, as shown in Figure 4 . Volume labelled was lower in the group at 0 V/cm than in groups from 140 to 260 V/cm (Po0.01). It was lower in groups at 80, 110, and 300 V/cm than in groups from 160 to 220 V/cm (Po0.01). It was higher in groups at 140 V/cm than in groups at 0 and 80 V/cm, and lower than in groups from 160 to 220 V/cm (Po0.05). It did not vary significantly between groups from 160 to 220 V/cm, and was lower in groups at 260 V/cm than at 190 V/cm (Po0.01).
The labelled fraction of the muscle volume, reflecting both permeabilization efficiency and injection procedure variability, was 66720% in the range of electric field from 140 to 220 V/cm.
The maximum spatial extension of Gd-DOTA labeling along the tibialis muscle long axis was 2773 mm at 160 V/cm, corresponding to the detection of the CA in a higher region than that facing the electrode of dimension 15 mm. This spatial extension varied very slightly between 23 mm at 80 V/cm and 21 mm at 300 V/cm.
Persistence of Gd-DOTA inside muscle after ET Figure 5 shows the evolution of the Gd-DOTA mean concentrations in tibialis muscles of the three rats, for which an electric field intensity of 190 V/cm was applied, over an 8-week period. From linear fitting, the half-life of Gd-DOTA mean concentration inside muscle cells was 47712 days. Conversely, the labelled volume showed no significant variation along the follow-up as shown by ANOVA, whereas the trapped quantity Qt decreased with similar half-life value of 52 days.
Interaction between Gd-DOTA trapped quantity and luciferase expression Table 1 shows the mean values and standard deviations of Gd-DOTA trapped quantity Qt and of luciferase activity in the two groups, which had a coinjection of CA and plasmid and electric field application at the intensities of 140 or 190 V/cm (protocol C), as well as in the corresponding groups treated with protocols A or B.
When the plasmid was coinjected with the CA, no significant variation of Qt was observed for the 12 muscles treated with or without plasmid injection, at 140 and 190 V/cm (Z ¼ 0.14, P ¼ 0.88). Similarly, no significant variation of luciferase activity was observed for the 12 muscles treated with or without CA injection, at 140 and 190 V/cm (Z ¼ 0.4, P ¼ 0.15). The mean values of Qt and of the luciferase activity in the nine groups treated with protocols A and B were linearly correlated according to the relation:
where Qt is given in mmol/l and Luc is given in 10 9 counts per second. Figure 6 shows T1-and T2-weighted images obtained in vivo on tibialis muscle for one animal which had ET at 300 V/cm followed by intravenous injection of MnTPPS 4 (protocol D), and a matched histological slice at the middle part of the tibialis muscle. T2 measurements in tibialis muscle are shown in Figure 7 as a function of the applied electric field intensity for animals treated with protocol B. T2 values measured at electric field intensities of 80-190 V/cm did not differ significantly from value at zero electric field. T2 increase was significant at electric field intensities from 220 to 300 V/cm, without a significant difference between these three groups. In animals treated with protocol D, MnTTPS4 fixation induced T2 shortening (data not shown).
Evaluation of muscle damages
Signal increase measured in tibialis muscle of rats treated with protocol D is shown at Figure 8 . At electric field intensities 100 and 200 V/cm, no significant Figure 2 MRI visualization of Gd-DOTA trapped quantity and muscle oedema 3 days after electrotransfer applied to rat tibialis muscle at two electric fields values. T1-weighted (left column) and T2-weighted (right column) images of one leg section are shown for two animals, which underwent electrotransfer at 160 V/cm (top row) and 260 V/cm (lower row). The CA trapped into cells is visualized by bright zones on T1-weighted images (repetition time (TR) 600 ms/echo time (TE) 9 ms). It is visible in a large fraction of tibialis muscle section at 160 V/cm (a), and in a negligible area at 260 V/cm (c). Muscle oedema is visualized by bright zones on T2-weighted images (TR 1280 ms/TE 80 ms). At 160 V/cm (b), it is restricted to superficial zones, corresponding to local increase of electric field at immediate proximity of the electrodes. At 260 V/cm (d), it is detected in a large fraction of the leg section encompassing tibialis and peroneus muscles, with heterogeneous pattern.
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A Leroy-Willig et al increase of signal was found, whereas significant signal increase was measured at 300 and 350 V/cm. Histology of tibialis muscles (protocol D) showed no damage for muscles exposed to 100 V/cm. Necrosis and oedema were detected through 23711 and 1376% of the section, respectively, in muscles treated at 200 V/cm, 9575 and 81721% in muscles treated at 300 V/cm, and 87713 and 72716% in muscles treated at 350 V/cm.
Discussion
In the present study, we have evaluated an ET procedure in rat muscle by several techniques: in vitro measurements of luciferase activity in muscle lysate, MRI quantification of Gd-DOTA trapped quantity, evaluation of tissue damages from MRI measurements, and histological observations.
Variability of gene expression and Gd-DOTA trapped quantity
The gene expression levels measured from luciferase activity in muscle lysate varied from about 2-3 orders of magnitude at a given electric field value. Such variability is well documented 11 and has many possible causes: the variability of intramuscular injection, the variation of the effective electric field intensity inside the treated zone, the variation of the fibre orientations relative to the electric field direction, and also the variability of the biological expression process. In the present study, all these mechanisms except the last contributed similarly to the variations of the CA trapped quantity, which exhibited a decreased variability (less than one order of magnitude at a given electric field value).
Quantification of total Gd-DOTA trapped quantity
The accuracy of the CA trapped quantity quantification is limited at first by the contrast to noise ratio 25 of labelled versus unlabelled muscle areas on T1-weighted images, which was around 12 for a concentration of 200 mM in labelled muscle, and would be higher at higher CA dose. The histograms of treated legs showed an adequate separation between normal and labelled zones, so that it was possible to select the labelled zones with the growth algorithm.
The second factor is the relation between signal and local concentration that is based upon an estimation of CA relaxivity in muscle cells and deviates from linearity at CA concentrations above 200 mM. Concentrations we measured in our experiments were in the range of In vivo MRI evaluation of gene electrotransfer in rat muscle A Leroy-Willig et al 100-400 mM, corresponding to signal increase between 1.6 and 2.5. We assumed the relaxivity of Gd-DOTA, K, to be equal to 3.6/s/mM, deduced from the relaxivity we measured in water, and from experimental data obtained by Rozijn et al 26 in rat muscle and in water solution, for the similar agent Gd-DTPA. A recent study shows that a similar Gd chelate introduced into hepatic cells by electroporation is distributed in cytoplasm, without modification of relaxivity when compared to the usual value for extracellular localization of the CA. 
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ET at electric field intensity under and around threshold
The value of the electric field at which the transmembrane voltage attains the threshold for permeabilization depends on the fibre radius and on their orientation relative to the electric field direction. 18 On the rat tibial cranial muscle, luciferase activity at 80 V/cm was above that at zero field value, and optimal level of the luciferase activity as well as of the Gd-DOTA trapped quantity were observed in the range 140-220 V/cm. In mouse tibial cranial muscle, with similar conditions, threshold was found at 100 V/cm 28 and the optimal gene expression was measured in the range 200-300 V/cm, as also observed for permeabilization of the muscle fibres to 51 Cr-EDTA 11 and for Gd-DTPA trapped quantity. 29 Thus, the threshold for ET of the rat tibial cranial muscle could be lower than that for the mouse, probably related to the diameter of rat tibialis muscle fibres, which is ca. 1.3 times larger than that of mouse (data not shown).
The progressive increase of Gd-DOTA trapped quantity as a function of electric field displayed in Figure 3 is very similar to that of 51 Cr-EDTA measured by Gehl for mouse tibialis muscle with parallel plates. 18 Also, the volume labelled by Gd-DOTA at 80 and 140 V/cm was below values measured between 160 and 220 V/cm. In our conditions, the electric field is roughly perpendicular to the long axis of tibialis muscle. If the applied electric field was perfectly uniform and if muscle fibres were parallel, increasing the electric field would abruptly increase the number of fibres affected at threshold intensity, corresponding to the labelled volume. Two factors probably contribute to the progressive increase of the permeabilized volume: the imperfect homogeneity of the electric field to which the muscle fibres are exposed, at the electrode edges, and the angulation of tibialis muscle fibres relative to the leg axis. 30 
Spatial distribution
The variability of gene expression and CA trapped quantity induced by the blind injection protocol is demonstrated by MRI, which in some experiments showed dissymmetry of labelled volumes between the symmetrically treated legs of the animal. The extension of labelled zone larger than the electrode height may reflect either the distribution of electric field, or more probably the diffusion of CA along muscle fibres.
The fraction of muscle labelled after injection, difficult to determine by another nondestructive method, could be a useful index for therapeutic applications. Here, after one single injection of 120 ml in the muscle volume of 700 ml, the labelled volume fraction stands ca. 60% in optimal electric conditions.
Electrotransfer at high electric field intensity and tissue damage
At high electric field intensity, when irreversible membrane modification occurs, cell necrosis oedema and infiltration by inflammatory cells follow quickly.
Water relaxation times are sensitive, but nonspecific sensors of tissue modification. In experiments of toxininduced mouse muscle myonecrosis studied with MRI, strongly increased T2-values were measured, peaking at 70-80 ms at day 3. 31 In experiments of mouse muscle electrotransfer at 200 V/cm, without tissue damage, lower values in the range 45-60 ms were measured 21 and probably related to osmotic cell swelling induced by ET. 32 The decrease of luciferase activity and Gd-DOTA trapped quantity at electric field higher than 220 V/cm was very probably due to tissue damage as evidenced by histology, by T1, shortening by MnTPPS 4 , and by T2 increase in tibialis muscle. A decrease of the volume labelled by Gd-DOTA is seen at the same voltages, presumably due to the CA leakage from the damaged fibres. Damages due to electric pulses delivery to the muscle were observed by Hartika et al 20 at 300 V/cm and above.
Despite the fact that luciferase activity and Gd-DOTA trapped quantity did not vary significantly between 140 and 220 V/cm, all these conditions cannot be considered as optimal. For example, our observations from histology and MRI revealed necrosis for muscles submitted to an electric field of 200 V/cm. Oedema, which can be evaluated on T2-weighted images, was negligible at 140 V/cm and increased for electric field intensity value above 190 V/cm. Thus for an equivalent level of transfection, an electric field intensity of 140 V/cm is better than 220 V/cm.
To conclude, we observed that the effect of electric field intensity on transfection and Gd-DOTA trapped quantity were similar. Consistently, the correlation between Gd-DOTA trapped quantity and luciferase expression was good (R 2 ¼ 0.67). Despite the electropermeabilization of the muscle fibres not being the only factor contributing to electrotransfer efficiency, 33 its measurement by MRI through Gd-DOTA trapped quantity can be roughly predictive of the transfection efficiency. In preclinical assays, one may envision the coinjection of plasmid and a CA. Indeed, we observed no interference between trapped quantity of the CA and luminescence. The long half-life of CA trapped inside muscle cells, as well as the stability of the labelled volume, indicated no acute toxicity of intracellular Gd-DOTA. Although the ultimate goal of ET studies is to evaluate gene expression itself, MRI studies may be useful since they are atraumatic, the variability of measurements is much smaller, and the topographic information is easily available.
MnTPPS 4 and necrosis detection
This study also aimed to explore the feasability of atraumatic detection of muscle cell necrosis induced by ET. The agent MnTPPS 4 markedly shortens muscle water relaxation times T1 and T2, differing from Gd-DOTA, which predominantly shortens muscle water T1. Quantification of MnTPPS 4 trapped quantity cannot be precise in our conditions, since several mechanisms contributing to water magnetization relaxation are intrinsically linked, namely muscle water T1 and T2 decrease from fixation of the CA, conflicting with T1 and T2 increase from the pathology. From preliminary experiments without CA, in muscle damaged by ET at 300 V/cm T1 values in the range 1.8-2 s and T2-values in the range 50-80 ms were measured, to compare with normal values in rat tibialis muscle which are T1 ¼ 1.5070.05 s, T2 ¼ 30.671.2 ms (unpublished data). From these data and from the relaxivity of the CA in solution, the MnTPPS 4 concentration in muscle after ET at 300 V/cm is evaluated to be in the range 40-80 mM, for a typical signal increase of 30%,
In vivo MRI evaluation of gene electrotransfer in rat muscle A Leroy-Willig et al at injected dose 80 mM/kg, stronger than those in Ni et al. 24 The conflicting mechanisms of signal variation, which led to increased dosage, and the toxicity of the manganese-bearing porphyrin both limit the use of that methodology for necrosis quantification. Another CA that binds reversibly to serum albumin, MS-325 (Epix Pharmaceuticals, Cambridge, MA, USA), has been used to detect chronic muscle lesions 34 and could be tested to evaluate acute muscle damage since its toxicity is negligible.
Toxicity of the CA
Although Gd 3+ ion is highly toxic, from interference with many enzymatic complexes such as ATPase, 35 the gadolinium chelates used for MRI diagnosis over the past 15 years are safe products as they are extremely stable and their excretion is rapid. 25 A recent study indicates no acute toxicity at very high intracellular dosage in stem cells, without long-term follow up. 36 In our experiments also the detectability of the CA trapped in muscle cells during a long period of time indicated the absence of acute toxicity.
The high value of contrast to noise ratio between labelled and unlabelled muscle could allow in further experiments to decrease the quantity of CA injected, both to use a more linear relation between signal and concentration, and for safety concerns.
In conclusion, this study illustrates the potential of MRI to evaluate and visualize the electropermeabilized zones during electric field-mediated drug or gene delivery. The contrast agent we used is a safe and widely used product. More sophisticated agents are now developed to assess gene expression by using MRI, 37 but are very specific for a few genes and not yet validated for medical use. The trapped quantity of the CA, although exploring only the first step of delivery of the therapeutic agent, is correlated to gene expression. Also, in this context, despite the lack of specificity, T2 increase can be considered as a sensitive index of toxicity related to oedema consistently with histological observation. The trapped quantity of the contrast agent MnTTPPS 4 was efficient to visualize necrotic zones in the damaged muscle as evidenced by histological observation but its use is limited by toxicity. Finally, our multiparametric study points to a relatively moderate electric field intensity of about 140 V/cm for optimal ET in rat muscle. This value could presumably be even lower in larger animals.
Materials and methods
Animals
Male Wistar rats aged 8-11 weeks (Charles River, L'Arbresle, France) were housed at room temperature with a 12-h day-night cycle and fed with standard laboratory chow and water ad libitum. Prior to all procedures, the animals were anaesthetized by intraperitoneal injection of Pentobarbital (Sanofi, Libourne, France) at a dose of 60 mg/kg of body weight. When needed, animals were killed by an overdose of pentobarbital. Studies were conducted following the recommendations of the European Convention for the Protection of Vertebrates Animals used for Experimentation.
Delivery of electric pulses to the tibialis anterior muscle
Two custom-made external parallel stainless steel plate electrodes, of surface 1.5 cm 2 were placed on each side of the shaved leg at the level of the tibialis anterior muscle, one facing this muscle and one at the opposite leg side, after application of conducting paste. Eight square wave pulses of fixed 20-ms duration each were delivered at a 2 Hz frequency by way of an ECM 830 electroporator (BTX, San Diego, CA, USA) as previously described.
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The distance d between electrodes was measured with a calliper and the voltage V to be applied was determined from the nominal electric field intensity E, according to the relation V ¼ Ed.
Plasmid
Plasmid pXL 3031 (pCMV-Luc+), a gift from Aventis Pharma, contained the CMV promoter (nucleotides 229-890 of pcDNA3, Invitrogen) inserted upstream of the coding sequence of the modified cytosolic firefly luciferase, luc+gene. 38 Plasmid DNA was supercoiled for at least 80% of the preparation. All injections were done with plasmid of the same batch to limit interindividual variations of gene expression.
NMR contrast agents
The paramagnetic CA Gd-DOTA (Guerbet, Aulnay, France) was used as an isoosmotic solution after dilution to a concentration 0.11 mM/ml in sterile water. This CA has an extracellular distribution with fast renal elimination. Plasma half-life of the very similar CA Gd-DTPA has been reported to be 20 min in rats. 39 The paramagnetic CA MnTPPS 4 (Frontier Scientific, Logan, UT, USA), validated as a necrosis avid CA binding to necrotic cells, 24 was used as a 16.5 mM/ml solution in sterile water.
Protocols
Protocol A: intramuscular plasmid injection and electric field application. Injection of 100 ml of plasmid solution (1 mg/ml in saline isotonic solution) together with 20 ml of saline isotonic solution was performed in tibialis muscle of each leg with a 29G Hamilton syringe. ET of the same leg was performed 2 min later.
Eight groups underwent ET on both legs, at electric field intensities of 80, 110, 140, 160, 190, 220, 260, 300 V/ cm, and one control group had no ET. The number of rats in each group was three except at 160 V/cm (six rats). Rats were killed 72 h later, since luciferase expression reaches a plateau at that time. 11 Tibial cranial muscles were removed, cut in four parts and frozen in liquid nitrogen for further assay of luciferase.
Protocol B: intramuscular Gd-DOTA injection and electric field application. Injection of 100 ml of saline isotonic solution together with 20 ml of iso-osmotic Gd-DOTA solution in water was performed in tibialis muscle of each leg with a 29G Hamilton syringe. ET of the same leg was performed 2 min later.
Eight groups of three rats underwent ET on both legs, at electric field intensities of 80, 110, 140, 160, 190, 220, 260, 300 V/cm and one control group had no ET.
MRI examination was carried out 72 h later, after full elimination of the extracellular CA. In the group treated
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Protocol C: intramuscular coinjection of plasmid and Gd-DOTA, and electric field application. To detect possible interaction between gene expression and CA trapped quantity, injection of 100 ml of plasmid solution (1 mg/ml in saline isotonic solution) together with 20 ml of iso-osmotic Gd-DOTA solution was performed in tibialis muscle of each leg with a 29G Hamilton syringe. ET of the same leg was performed 2 min later at electric field intensities of 140 and 190 V/cm. MRI examination was performed 72 h later. Tibialis muscles were then removed, cut in four parts and frozen in liquid nitrogen for further assay of luciferase.
Protocol D: use of MnTPPS 4 for MRI detection of necrosis after electric field application. Four rats underwent electroporation without intramuscular injection, on the two legs, at an intensity of electric field known from preliminary experiments to induce muscle damage, 200 V/cm (two legs), 300 V/cm (four legs), 350 V/cm (two legs). Two rats were treated identically at a lower intensity, 100 V/cm (four legs). At 45 min after ET, injection of MnTPPS 4 was performed into a caudal vein at a dose of 0.08 mM/kg. The MRI examination was carried out at day 2, after full elimination of MnTPPS 4 and before significant muscle regeneration. Tibialis muscles were then removed and fixed during 24 h at 41C in PBS buffer with 4% paraformaldehyde for further histological examination.
MRI acquisition
MRI examinations were carried out at 4 T. Rats were lain prone with hind limbs extended symmetrically. The two lower limbs were examined simultaneously, using a 74 mm diameter, 80 mm length coil (Doty, Columbia, SC, USA). Axial images were obtained using a T1-weighted spin-echo sequence with TR ¼ 600 ms, TE ¼ 9 ms, 15 contiguous slices with 3 mm thickness, spatial resolution 156 Â 312 mm 2 in plane, acquisition time 5.1 min. The slice corresponding roughly to the centre of the electrode facing tibialis muscle was chosen for T2 measurement, using a single slice spin-echo sequence TR ¼ 1280 ms, 10 echoes, first echo at TE ¼ 8 ms, echo spacing 8 ms, spatial resolution ¼ 312 Â 312 mm 2 in plane, slice thickness ¼ 3 mm, acquisition time 5.2 min.
In protocol D, a T1 measurement was performed at the same level by using a dedicated single-slice multishot saturation-recovery fast spin-echo sequence described in Paturneau et al.
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MRI processing Quantification of Gd-DOTA trapped quantity. When Gd-DOTA was injected alone or with plasmid (protocols B and C), the determination of total Gd-DOTA trapped quantity in tibialis muscle was obtained from the T1-weighted images where the areas labelled by the CA showed a significant muscle signal increase. In each leg section, one circular 2-4 mm diameter reference ROI was drawn in adjacent gastrocnemius muscle where no Gd-DOTA had been injected. From the histogram of muscle signal intensity in this reference ROI, the mean value Sm and standard deviation SDm of signal intensity were determined. Then, an ROI enclosing pixels with increased signal was determined in the labelled region, using a segmentation algorithm, which gathered the pixels with signal intensity higher than Sm+2.SDm, starting from a pixel selected by the operator in the labelled region. This allowed us to measure the area A of the labelled region.
By summing the labelled areas measured on each of leg slices, we determined the labelled volume V in one treated leg:
h where h is the slice interval:
The total CA content of one muscle slice, Q, was estimated from the mean signal S in the labelled ROI of area A. From preliminary experiments, a numerical relation was established relating the relative signal increase, R ¼ (SiÀSm)/Sm, to the mean concentration of CA in the labelled area, C, as detailed in Appendix I:
The quantity of Gd-DOTA contained into the ROI, Q, was then calculated from
By summation upon successive contiguous slices, we determined the total Gd-DOTA content of tibialis muscle Qt ¼ P (Q). The mean CA concentration Cm, the weighted average of the local concentrations over the labelled zones in each slice, was given by Cm ¼ Qt/V.
MRI measurement of the muscle water relaxation time T2
T2 measurements in treated muscles were performed from T2-weighted images, as previously described, 21 in ROIs manually drawn in tibialis muscle, at short distance inside the muscle border to avoid contamination by other structures.
Evaluation of MnTPPS 4 fixation upon necrosis
In protocol D, where the CA MnTPPS 4 injected intravenously had access to all necrotic zones, ROIs were drawn on the T1-weighted images of treated legs, in tibialis muscle at short distance inside the muscle border. The mean signal of tibialis muscle St was measured in T1-weighted images, and compared to that of a reference untreated ROI, Sm. The increase of signal was expressed as the ratio R ¼ St/Sm. The ROI in the central slice was pasted upon the T1-map sequence images for muscle water T1 measurement as previously described. 21 
Quantification of luciferase activity
To quantify the expression of the plasmid gene coding for luciferase, the luciferase activity was measured as follows. After the samples were thawed, each portion of tibialis muscle was homogenized in 2 ml of cell culture lysis reagent (Promega, Charbonnière, France) supplemented with protease inhibitor cocktail (Boehringer Mannheim, Mannheim, Germany) (one tablet for 50 ml). After centrifugation at 12 000 r.p.m. for 10 min
In vivo MRI evaluation of gene electrotransfer in rat muscle A Leroy-Willig et al at 41C, the luciferase activity on 10 ml of the supernatant, deposited on a 96-well plate, was assessed using a Wallac Victor luminometer (EG&G Wallac, Evry, France), by integration of the light produced during 1 s, starting after the addition of 50 ml of luciferase assay substrate (Promega) to the lysate. Adding the counts of the four fragments of each muscle, results were given for the whole muscle in counts per second for 8 ml of supernatant.
Histological examination
After fixation, excised muscles were embedded in paraffin. For each tibialis muscle, three blocks were cut at the middle of the muscle and at 75 mm apart, and in each block serial transverse 5 mm thick sections were performed with a microtome. The sections were stained with haematoxylin and eosin by standard procedures. After fixation and inclusion, oedema resulted into increased clear spaces between normal or altered muscle fibres. Necrosis was characterized by morphologic changes indicative of cell death. In complete necrosis, no clear cellular morphology was preserved. Incomplete necrosis was characterized by maintenance of cellular architecture with pale or eosiniophilic cytoplasm, loss of striation, loss of nuclei, or picknotic aspect. Complete and incomplete necrosis areas were summed for this semiquantitative analysis. Necrosis and oedema areas were recorded as a percentage of each muscle section analyzed. Three sections per muscle, one in each block, were evaluated. Appreciation of the percentage of the slice area where necrosis or oedema was detected was carried out by drawing limits of corresponding areas and calculating areas on digitalized image, followed by normalization to muscle area.
Statistics
Results are given as mean7s.d. Logarithm of measurements of luciferase expression for protocol A, and plain values of measurements of Gd-DOTA trapped quantity and labelled volumes for protocol B were examined as a function of electric field intensity by using ANOVA and Bonferroni multiple comparison tests. The comparison of luciferase expression with and without Gd-DOTA was made by a Wilcoxon signed rank test, as well as the comparison of Gd-DOTA trapped quantity with and without plasmid injection. T2-values and signal increase after MnTPPS4 injection at the different electric field intensities were examined by Kruskal-Wallis Z-test. All statistical tests were performed with the NCSS software (NCSS, Kaysville, UT, USA).
Appendix I: Quantification of the CA trapped quantity
In normal untreated muscle, the mean muscle signal intensity in the absence of Gd-DOTA trapped quantity depends on the muscle water relaxation times T1o and T2o and on time intervals in the measurement sequence, TR and TE, 22 according to:
Sm ¼ Soð1 À expðÀTR=T1oÞÞ expðÀTE=T2oÞ
where T1o, T2o are respectively the longitudinal and transverse relaxation times of muscle water, and So is the asymptotic value of signal at very long value of time TR and very short value of time TE, reflecting tissue water content. Sm (mean value of signal in untreated muscle) is measured in the reference untreated ROI of the slice of interest.
The increased signal intensity in the labelled muscle ROI with CA concentration C is Si. Signal increase is related to the shortening of longitudinal relaxation time, with actual value T1, by Si ¼ Soð1 À expðÀTR=T1ÞÞ expðÀTE=T2Þ T1 shortening is related to the tissue CA concentration C by 1/T1 ¼ 1/T1o+KC, where K is the relaxivity of the CA.
T2 shortening induced by the CA, calculated from a similar equation, is negligible, with variation under 1 ms in the range of Gd-DOTA concentration for these experiments.
The relation between signal and local concentration is based upon an estimation of Gd-DOTA relaxivity in muscle cells. We assume the relaxivity of Gd-DOTA K to be 2.7/s/mM, deduced from Gd-DOTA relaxivity in water, and from experimental data obtained by Rozijn et al 26 in rat muscle and in water solution, for the similar agent Gd-DTPA. The signal intensity is determined experimentally in water from a phantom with calibrated concentrations of Gd-DOTA, in acquisition conditions identical to those used in vivo. From the measurements obtained in the water phantom and from muscle relaxation times, the equation linking the signal increase R ¼ (SiÀSm)/Sm to the concentration of Gd-DOTA C is C ¼ 0:099R þ 0:154R 2 We here assume that So is not modified, and that the influence of T2 variation can be neglected since TE value is short. This is an acceptable approximation at value of electric field under 200 V/cm where T2 and T1 variations induced by oedema are weak. At higher electric field, the reference region is taken in a neighbouring muscle, also submitted to ET but not to injection, so that T2 variations linked to oedema do not interfere with determination of C. In case of increased T2, overestimation of C and then of Q would follow from this approximation.
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